Introduction
Human exposure to surface ultraviolet (UV) radiation is an important public health concern and significant changes in surface UV intensities, which are likely due to global environmental changes, have been reported, such as an 11.3% per decade increase in clear sky solar irradiance at 324 nm for 1991-2006 at Thessaloniki, Greece [1] . This issue is particularly important in Australia, where UV intensities are significantly greater than in European countries [2; 3] .
Surface ultraviolet radiation is commonly classified by wavelength as UV-A (315-400 nm), UV-B (280-315 nm), and UV-C (100-280 nm). Oxygen and ozone in the atmosphere completely absorb UV-C and the highest energy UV-B, allowing only UV-A and a small fraction of lower energy UV-B to reach the surface. The amount and energy of UV-B photons reaching the surface is a strong function of overhead ozone column. Public health officials raise concerns over exposure to both UV-A and UV-B. With a predominantly fair-skin population and an outdoor lifestyle, skin-cancer rates in Australia are among the highest in the world [4] . Excess UV exposure may also contribute to posterior subcapsular cataracts, currently the leading cause of blindness 2 worldwide [5] . High UV can also harm terrestrial and oceanic vegetation, degrade man-made objects, and change the chemistry of the lower atmosphere. Conversely, insufficient exposure to UV has been postulated as a risk factor for development of autoimmune diseases (such as Type 1 diabetes, rheumatoid arthritis, and eczema) via suppression of T-helper 1 lymphocytes [6; 7] . Consequently, understanding the factors that affect Australian surface UV radiation levels has significant scientific and social interest. Surface UV is determined primarily by the exoatmospheric solar irradiance, surface elevation, solar zenith angle, surface cover, ozone, aerosols, and clouds. The impact of many of these factors is reasonably well known. The effects of aerosols and clouds on surface UV, however, can be significant but highly variable and poorly constrained. Usually particles reduce surface UV, but scattering by non-UV-absorbing particles can increase the UV intensity on nonhorizontal surfaces [8] . A previous study on the effects of aerosols on surface UV radiation found tropospheric aerosols can reduce surface UV by ∼ 50% [9] , but the amount of the reduction is dependent on the chemical and physical properties of the aerosols [10] . Thus, the effect of aerosols on surface UV may vary greatly for different regions. Over Australia, two major types of aerosols are smoke from fires and mineral dust. Australia's low level of anthropogenic pollution provides a clean environment for studying their effects on surface UV, and the only previous examination of the impact of Australian aerosols on surface UV found smoke from fires near Darwin reduced surface UV by as much as 40-50% at 290-300 nm and 20-25% at 320-400 nm [11] . Results for mineral dust over Alice Springs were inconclusive because no day during the study period had a high loading of mineral dust aerosols [11] . A low aerosol abundance has been noted for other Australian sites, such as Cape Grim in Tasmania [12] . No study to date, however, has investigated the annual average effect of Australian aerosols on surface UV. This study reports an initial assessment.
Observations
Four sites were chosen for this study based on proximity to moderate-size population centres and availability of data: Alice Springs (23.80S, 133.89E, 546 m elevation), Canberra (35.271S, 149.111E, 600 m), Darwin (12.42S, 130.89E, 29 m), and Rottnest Island (32.000S, 115.502E, 70 m), which is near Perth. Aerosol optical depth (AOD) measurements at 500 nm were obtained from two sources: the Bureau of Meteorology (BoM) for Alice Springs and Darwin [13] and AERONET for Canberra, Darwin, and Rottnest Island [14] . The AERONET data were level 2.0 daily averages of data obtained and processed using version 2 of the direct sun algorithm. They had been pre-and post-field calibrated, automatically cloud cleared, and manually inspected. The BoM data were obtained from Dr. Bruce Forgan as half-daily averages of data that had been calibrated, cloud cleared, and inspected. The BoM data were screened for clouds by applying the Baseline Surface Radiation Network (BSRN) algorithm [15] to the standard deviation of the direct solar irradiance over a minute. 500 nm (501 nm at Alice Springs) AODs were used because it was common to all instruments at all sites. An earlier intercomparison of sunphotometers at Alice Springs found negligible bias (95% uncertainty interval < 0.007 at 500 nm) [13] . Probability density functions for all four sites, constructed by dividing histograms of the data by the total count, are shown in figure 
Approach and Methodology
Based on the limited scope and human health focus for this assessment, a simplified approach was adopted. Monthly mean AOD was computed from the daily and half-daily averages. For each site, the month with the largest monthly mean AOD was identified. The monthly mean ozone, pressure, etc, for these months were used as input to calculations using libRadtran v. 1.1β [16] , which determined the effective sun protection factor (SPF) due to aerosols as a function of AOD. A linear fit to these calculations was used to convert the probability distribution functions in figure 1 into probability distribution functions for the effective SPF due to aerosols over each site. These effective aerosol SPFs could then be compared with other SPFs.
The basic model atmosphere profiles used were tropical (Darwin) and mid-latitude summer (Alice Springs, Canberra, and Rottnest Island). Extraterrestrial solar flux was from ATLAS3 (λ ≤ 407.8 nm), ATLAS2 (407.8 < λ ≤ 419.9 nm), and MODTRAN3.5 (λ > 419.9 nm) [16] . Surface albedo was that for grass [17] . The DISORT algorithm [18] with delta-M scaling and 32 streams was used. Monthly mean total column ozone was computed by averaging the Earth Probe (EP) Total Ozone Mapping Spectrometer (TOMS) v. 8 daily total column ozone [19] for dates prior to the end of 2005. Starting from 2006, the Ozone Monitoring Instrument (OMI) TOMS v. 8.5 total column ozone data [20] were used. Ozone over Perth was used for Rottnest Island, and the mean of Sydney and Melbourne was used for Canberra. The latter overestimates the Canberra ozone column by < 4% if the vertical profiles are the same. Monthly mean surface pressures for Alice Springs were derived from half-daily averages included in the BoM AOD data files. 3-hourly pressures for Canberra Airport, Darwin Airport, and Rottnest Island from the BoM climate data service were averaged for the other sites. Surface elevations were included with the AERONET AOD data, and elevations for the co-located BoM airport weather stations were used for the BoM AOD sites. The solar zenith angle at local noon for the middle of each month was used. A previous study found the impact of uncertainties in surface pressure and ozone on AOD retrievals is negligible when surface pressure is measured on-site and monthly mean ozone from stations of commensurate latitude is used [13] .
For the aerosol calculations, the AOD at 550 nm, the reference wavelength for aerosol calculations in libRadtran, was set to the monthly mean measured 500 nm AOD. The urban aerosol type in libRadtran [21] gave the greatest effective SPF, so it was used for all sites.
Calculated direct and diffuse downward irradiances at the surface were combined and then summed over 280-400 nm with relative spectral weights from an erythemal action spectrum [22] to determine the effective UV radiation intensity, UVR ef f , equation 1 [2] ,
where E λ is calculated surface irradiance (W m −2 nm −1 ), S λ is relative erythemal spectral effectiveness [22] , and ∆ λ is the width of each interval. The effective SPF due to aerosols is, 
Results
The monthly mean AODs over each site are shown in figure 2. The months with the highest mean AOD for each site and the site-specific information used for the radiative transfer calculations are shown in table 1. The slope and intercept for the best linear least-squares fits to the effective aerosol sun protection factor (SPF) as a function of AOD for each site, figure 3 , are given in table 1. The linear fits in table 1 were used to convert the probability density functions from AOD, figure 1 , to effective aerosol SPF, figure 4. The monthly means were computed as unweighted means over the days (half-days) on which AOD was measured.
Discussion
The results shown in figure 4 indicate the effective sun protection factor (SPF) due to aerosols over the four sites was less than 1.1 for half of the days (half-days) on which measurements were made and less than 1.4 on 95% of the days. A previous study on the impact of smoke over Darwin on surface UV found the smoke reduced surface UV by as much as 50% [11] , an effective SPF of two. This is a larger maximum effective SPF than we found in the present study, but both studies suggest the longer-term average impact of aerosols on surface UV may be minimal from the viewpoint of human health. This is particularly true when compared to the strong influence that human behaviour has in determining exposure to UV. The present study provides an initial assessment of the potential importance of aerosols for human exposure to UV, but this study has a number of significant limitations. A standard (northern hemisphere) "urban" aerosol type was assumed for calculating the effective SPF. A better procedure would be either to fit the multispectral observations of AOD at each site with a polynomial or to determine the Angstrom exponent and then use either the polynomial fit or the Angstrom exponent to extrapolate into the UV. Ideally, this would be done for each day or half-day so as to identify, and potentially classify, different types of aerosols over each site. Another significant limitation is that the present study computed the effective SPF due to aerosols at local noon for the middle of the month with the highest AOD. The effective SPF for a given AOD will vary through a day and throughout the year and is likely to increase at higher solar zenith angles. Finally, the time periods for which AOD observations were available, particularly for Canberra and Rottnest Island, were limited and provided irregular coverage. A more detailed study is being undertaken that is intended to address these issues.
Conclusions
An initial assessment of the impact of Australian aerosols on surface UV over four sites near moderate-size population centres has been undertaken. Australian aerosols can substantially attenuate surface UV but this occurs on only a few days each year. Thus, the time-average effect of aerosols on surface UV appears to be much smaller than the influence of human behaviour.
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